A battery of tests was established to determine the oestrogenic, mutagenic and genotoxic potential of two categories of endocrine disrupting chemicals (EDCs), phthalates and alkylphenols. Diisononylphthalate (DINP), diethylhexylphthalate (DEHP), dibutylphthalate (DBP), diisododecylphthalate (DIDP) and 4-nonylphenol (4-NP) were oestrogenic in the yeast estrogen screen (YES) assay and potently oestrogenic in the MVLN and E-SCREEN assays at environmentally relevant concentrations. DINP and 4-NP were mutagenic in the Ames assay and also induced significant levels of unscheduled DNA synthesis and DNA strand breakage. Significant induction in the percentage of cells containing micronuclei was observed after treatment with DINP, DEHP and 4-NP. In addition, sewage effluents from sewage treatment plants (STPs) in the Border, Midlands and Western (BMW) region of Ireland were significantly oestrogenic in the YES assay. Moreover, analysis of levels of phthalates and alkylphenol identified in Irish rivers receiving treated effluent showed potent oestrogenicity in the YES assay. The proliferative and genotoxic ability of the phthalates and alkylphenol, and the oestrogenicity of the treated effluents reported here, is significant as these EDCs and EDCs within the effluent may play a role in the etiology of human abnormalities.
Introduction
Endocrine disrupting chemicals (EDCs), defined as any substance man-made or natural that interferes with hormones in the body, are being released into the environment. Pollution of natural waters with waste effluents arising from diverse industries has become a significant problem in Ireland and globally, as industrial growth and development have been on a very large scale. Replacement of endogenous hormones with foreign mimetics can result in an agonistic or antagonistic profile. The consequences of developmental exposure may result in irreversible deleterious effects in a number of reproductive and non-reproductive processes. The chemical diversity of EDCs, with respect to their molecular structure, precludes the precise prediction of oestrogenic activity on this basis.
Sewage, a complex mixture of organic and inorganic chemicals, is considered to be a major source of environmental pollution. In the UK a random screen of 20 organic man-made chemicals present in liquid effluents revealed that half appeared to interact with the oestrogen receptor [1] and results obtained from fifteen sewage treatment plants (STPs) showed that exposure of male trout to effluent resulted in a very pronounced increase in plasma vitellogenin concentration indicating exposure to a substance or substances oestrogenic to fish [2] . More recently studies in the UK have reported a reduction in egg production in fish after exposure to wastewater treatment effluent [3] and that the life stage at which male fish are exposed can have dramatic consequences for sexual disruption [4] . The UK Environmental Protection Agency have concluded that the weight of evidence for endocrine disruption of fish, with particular attention to the phenomenon of feminisation of male fish, is sufficient to develop a risk management strategy for oestrogenically active effluents that discharge to the aquatic environment [5] . Markman et al., 2007 [6] have reported on the accumulation of EDCs in earthworms within the sewage treatment system and that animals can accumulate EDCs to levels significantly higher than those in wastewater.
A combination of selected test systems has been undertaken to aid in the screening and assessment of the oestrogenic and genotoxic activity of EDCs found in Irish waterways. Reporter bioassays that are based on the ability of a compound to stimulate ER-dependent transcriptional activity were exploited here. The yeast estrogen screen (YES) [7] and the MVLN assays [8] were used to assess ER-dependent transcriptional expression of the EDCs. The E-SCREEN assay [9] was used to assess proliferation of the EDCs. The proliferation observed in the E-SCREEN assay is thought to be a nonreceptor mediated response and the hallmark of oestrogen activity [10] .
Testing of substances for genotoxicity is a reliable tactic for the evaluation of genetic hazard and indicating possible tumourigenic potential. The assessment of possible drug-related genotoxic potential requires the use of various short-term tests suitable for the detection of all types of genetic endpoints. The EDCs were investigated for genotoxicity, using the comet assay [11] , the in vitro unscheduled DNA synthesis assay (UDS) [12] and the in vitro cytokinesis-block micronucleus technique (CBMN) [13] . The EDCs were also investigated for the potential to induce mutagenesis using the well established bacterial reverse-mutation test, the hallmark of mutagencity [14] [15] [16] [17] .
The Yes assay was employed to assess the oestrogenic potency of environmental samples from the BMW region (Roscommon, Athlone, Tullamore and Longford) in Ireland. Yeast is more resistant to environmental contaminants such as heavy metals and is well suited for monitoring the oestrogenic potential of natural specimens such as effluent. Composite effluents from wastewater plants (tertiary treatment) were sampled throughout the year to assess seasonal variation. The receiving waters tested were the Hind River upstream and downstream of Roscommon STP and the Camlin River upstream and downstream of Longford STP. In addition levels of selected EDCs recovered from freshwater samples in the BMW of Ireland [18, 19] , were tested in the YES assay for oestrogenic potency.
Materials and Methods

Materials
Dimethyl sulphoxide, diisononylphthalate (≥99%), diethylhexylphthalate (≥99%), diisododecylphthalate (≥ 99%), dibutylphthalate (≥99%), L-glutamine, sodium bicarbonate, D-glucose, sulphorhodamine B, TCA, tris base, phenol red-free Dulbecco's modified eagle medium (DMEM), potassium phosphate monobasic anhydrous, ammonium sulphate, potassium hydroxide pellets, magnesium sulphate anhydrous, iron (III) sulphate pentahydrate, L-leucine, L-histidine free base, adenine free base, L-arginine hydrochloride, L-methionine, L-tyrosine free base, L-isoleucine, L-lysine monohydrochloride, Lphenylalanine, L-glutamic acid free acid, L-valine, Lserine, thiamine hydrochloride, pyridoxine, D-pantothenic acid hemicalcium salt, inosital, d-biotin, D-(+)-glucose anhydrous, L-aspartic acid free acid, L-threonine, copper (II) sulphate anhydrous, sodium hydroxide pellets, sodium chloride, EDTA dihydrate, triton X-100, sigma 7-9R tris, ethidium Bromide, electrophoresis film, hydrogen peroxide, Hams F-12 nutrient mixture, cytochalasin B, acridine orange, formaldehyde, methanol, hydroxyurea crystalline, nitroquinoline-N-oxide, acetic acid, non-essential amino acids and glycerol purchased from Sigma Aldrich (Ireland). 4-Nonylphenol (≥98%), 2-aminoanthracene and sodium azide purchased from Lennox (Ireland). 2-Nitrofluorene purchased from Merck (Ireland). 17β-Oestradiol (≥97%) purchased from Merck (Germany). Hylcone foetal bovine serum, sodium pyruvate, L.M.P. agarose, scintillation cocktail-Ecoscint, Nunc 96 microwell plates and white solid 96 microwell plates purchased from Bio Sciences (Ireland). Linbro 24 well tissue culture plates and DMEM purchased from MP Biomedicals (UK). 
MVLN Assay
Assay procedure for the MVLN assay was carried out according to Pons et al., 1990 [8] with the following deviations. Cells were seeded at 5 × 10 5 cells/ml in growth medium for 24 h. Cells were washed and resuspended in experimental medium for 48 h. Test-compounds were added in experimental medium for 24 h. Firefly luminescence was measured immediately.
Yeast Oestrogen Screen (YES) Assay
The yeast oestrogen screen, previously described by Routledge and Sumpter, 1996 [7] was used to test the environmental samples for oestrogenic activity.
Ames Standard Plate Incorporation Assay
The procedure of bacterial cultivation, verification of genetic markers and incubation with microsome fraction from rat liver were preformed following standard procedures [16] .
The Micronucleus Assay
Chinese Hamster Ovary (CHO) cells (ECACC, UK) (2 × 10 4 /ml) were seeded onto cell culture discs in 6 well tissue culture plates. Test chemical was added for 24 h. The slides were washed twice with 0.1 M phosphate buffer pH 6.45 and cytochalasin B (3 µg/ml) was added for 12 h. The slides were fixed in ice cold methanol:acetic acid (3:1) containing 0.74% formaldehyde. The fixed cells were washed in 0.1 M phosphate buffer pH 6.45 and stained in acridine orange (12.5 mg/100ml in 0.1 M phosphate buffer pH 6.45) for 1 min. The discs were rinsed in phosphate buffer for 10 min and rinsed in fresh phosphate buffer for 15 min. Cells were examined for micronuclei using fluorescent microscopy. The criteria for identifying micronuclei were performed according to Fenech, 1993 [13] .
UDS Assay
HepG2 cells (5 × 10 5 /ml) were seeded in 12 well cell culture dishes for 24 h in low serum medium (0.5%) for 4 days. 1 ml medium containing 10 mM hydroxyurea was added and incubated for 1 h. Test chemical was added in fresh culture containing 0.005 mCi/ml 3 H thymidine in the presence of 10 mM hydroxyurea and incubated for 3 h. The cells were collected onto glass microfibre filter discs using a cell scraper and were washed with 6 ml PBS, 10 ml of 5% TCA and 5 ml of absolute ethanol. The filters were placed in 10 ml of scintillation cocktail and analysed in the liquid scintillation counter for radioactivity due to thymidine uptake in the cells.
Comet Assay
Assay procedure for the comet assay was carried out according to Singh et al., 1988 [11] . Tail moment [21] was chosen as a measure of DNA damage and was obtained using a computerized image analysis system-Comet assay IV perceptive instruments.
Sample Collection and Preparation for YES Assay
Influent and effluent samples were collected from inlet and outlet pipes within each STP. River sampling locations were representative of control sites (upstream) and sites receiving effluent (downstream). Samples were taken from the Hind River 30 metres upstream and 70 metres downstream of Roscommon STP. Samples from the Camlin River were collected 2400 metres upstream and 800 metres downstream of Longford STP. Grab sampling was employed. A stainless steel bucket was immersed 0.6 meters below the water level at a midway point across the river, facing upstream. All samples were stored at 4˚C and were prepared for testing within 48 h. Adsorbed compounds were eluted with 5% methanol and filtered through 0.8 μM and 0.45 μM Nalgene filters (AGB, Ireland).
Statistical Analysis
The EC 20 values were calculated using the LevenbergMarquardt fit model (Xlfit2, Microsoft Excel, ID Business Solutions, UK). The EEq of each sample was calculated using the EC 20 value of the sample. Each experiment was tested for normality using the Anderson-Darling test. Differences between the equality of population medians and diverse treatment groups were assessed using the Kruskal-Wallis test and the MannWhitney test. One-way analysis of variance (ANOVA) was used for normally distributed data and the 2-sample t test was used to compute the difference between the means of the diverse treatment groups. A p value of ≤0.05 was regarded as significant.
Results
Oestrogenic Potential of EDCs in the YES Assay
The potency of the EDCs in the YES assay was characterised by the lowest observed effect concentration (LOEC) determined by statistical analysis ( Table 1) . Statistically significant induction in reporter gene activity was observed after treatment with 1 × 10 -7 M DINP, 1.57 × 10 -6 Table 2 ). A comparison of LOECs showed considerable differences in potency between the EDCs tested ( Figure 1 ).
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Oestrogenic Potential of EDCS in the MVLN and E-Screen Assays
Statistically significant induction in reporter gene activity, in the MVLN assay, was observed after treatment with 1 × 10 -8 M DINP, DEHP and 4-NP ( Table 1) . The maximum amplitudes obtained with DINP, DEHP and 4-NP were 79.9%, 80.1% and 71.5% respectively and were close to the positive control, 10 nM 17β-oestradiol (100%) ( Table 2) . MCF-7 BOS cells exhibited a good response after treatment with DINP, DEHP and 4-NP inducing statistically significant proliferation ( Table 1) at 81.7%, 36.7% and 23.3% (Table 2) respectively. The maximum amplitude obtained with DINP was close to 10 nM 17β-oestradiol (100%) used as a positive control ( Table 2) . A comparison of the relative proliferative effect (RPE) ( Table 2 ) obtained with DINP, DEHP and 4-NP in the E-SCREEN assay showed considerable differences in potency between the three chemicals.
Mutagenic and Genotoxic Potential of EDCs in the Ames, Micronucleus, UDS and Comet Assays
DINP induced a significant level of frameshift mutations in TA98 in the presence of an exogenous metabolic system (S9) producing a mutagenic index of 26.55 ( Table 2) . This indicates that DINP requires bioactivation for mutagenicity to occur. 4-NP induced a significant doserelated response in mutagenic index in TA100 in the absence of S9. Alkylphenol also induced a significant doserelated increase in mutagenic index in TA98 in the presence of S9. A mutagenic index of 34.63 was achieved in the absence of S9 ( Table 2) . Mutagenicity was observed for 4-NP in TA97a, in the presence and absence of S9 with the level of mutation higher in the presence of S9. 4-NP induced a significant dose-related increase in mutagenicity in TA1535 in the absence of S9. DINP, DEHP and 4-NP induced statistically significant clastogenicity in the CBMN assay ( Table 1) . DINP and DEHP induced micronuclei at 19.5% and 18.2% respectively while 4-NP induced micronulei formation at 19.4% ( Table 2 ). Significant induction in the percentage of cells containing UDS was observed after treatment with 1 × 10 -5 M DINP and 0.5 × 10 -7 M 4-NP indicating that these EDCs are capable of DNA damage ( Table 1) . Both DINP and 4-NP induced DNA repair at low levels ( Table 2 ). The EDCs differed to some extent with regard to the level of DNA repair induced at a particular dose level.
Statistically significant induction in DNA damage was observed in the comet assay after treatment with 1 × 10 
Oestrogenicity of Environmental Samples from the BMW Region of Ireland
Roscommon STP effluent is discharged into the Hind River. The upstream sample (control site) taken in the first year of sampling was more oestrogenic than the downstream sample in the same year ( Table 3 In the E-screen assay, the relative proliferative effect (RPE) is calculated as 100 × (PE-1) of the test compound/(PE-1) of E2, where PE is measured as the ratio between the highest cell yield obtained with the test chemical and with the hormone-free control; 100 = full agonist, 0 = lacks oestrogenicity at the doses tested. Camlin River. A comparison of the EEq values of the influent and effluent samples procured in the second year of sampling show that the STP is highly efficient in removing oestrogen contamination with approximately 92% reduction in oestrogen load ( Table 3 ). The Camlin River upstream (control, year 2) was potently oestrogenic in the YES assay (EC 20 value not determined due to a lack of dose-response). The Camlin River downstream (800 meters) of the STP (year 2) was almost six times more oestrogenic than the effluent discharged.
The EEq values for the influent and effluent samples from Athlone procured in the second year of sampling were of similar potency. A comparison of the influent samples form Athlone STP with those from the other major STPs in the study suggest that Athlone STP does not receive heavy loads of EDCs (91% less than Longford Oestradiol was used as a positive control and oestradiol equivalent (EEq) values represent the mean +/-standard deviation where (n = 3). U/S = upstream; D/S = downstream; ND = not determined; STP = sewage treatment plant.
STP and 98% less than Tullamore STP). Tullamore STP is highly efficient in removing oestrogenic contamination with an EEq reduction of approximately 98% (year 2).
Response of YES Assay to Levels EDCs Found in River Samples in the BMW Region in Ireland
Levels of EDCs (ethinylestradiol, 17β-oestradiol, oestrone, dibutylphthalate, diethylhexylphthalate, diisononylphthalate and diisododecylphthalate) have been found in river samples from the BMW region (Reid et al., 2007; Reid et al., 2008) . The chemical combination for each river was denoted as 100% (Figure 2) . In order of ascending potency, the Hind River upstream, River Shannon at Athlone/Lanesborough and the Hind River downstream produced LOECs of 12.5%, 0.79% and 0.1% respectively.
Discussion
High sensitivity is an essential prerequisite for screening assays to facilitate detection of compounds of low potency that might be of biological significance through chronic exposure and high profusion in the environment. The determination of whether EDCs interact directly with the ER is essential for understanding the risk associated with exposure. Luciferase expression in the MVLN cell line and β-galactosidase expression in the YES assay mimics a natural hormonal response. The ability of a chemical to activate oestrogen-responsive genes through the ER may indicate that the chemical will be oestrogenic in vivo.
The potencies of EDCs in the YES assay when compared to 17β-oestradiol are underestimated due to the fact that circulating endogenous oestrogen is bound to plasma proteins and only a small percentage has the ability to infiltrate cells and activate the ER. It has also been suggested that EDCs may displace endogenous sex steroid hormones from human sex hormone-binding globulin binding sites and disrupt the androgen-to-oestrogen balance and perhaps lead to elevated levels of endogenous hormones [22] .
Responses to oestrogen which are too rapid to be mediated by activation of RNA and protein synthesis are thought to be non-genomic. The hallmark of oestrogen activity is its ability to elicit the mitotic stimulation of the tissues of the female genital tract, a non-genomic event, therefore measuring cell proliferation is of key importance in assessing oestrogenicity. The oestrogen induced increase in the number of MCF-7 breast cancer cells (E-SCREEN) is recognised as biologically equivalent to the increase of mitotic activity in the rodent endometrium [10] . The potencies observed in the E-SCREEN assay for the EDCs in this study are in close agreement with those obtained in the MVLN assay and maybe due to the fact that both are mammalian based. However, the potency of some of the chemicals in the E-SCREEN assay was slightly higher than those achieved for the MVLN assay. The E-SCREEN was more sensitive to the oestrogenic potencies of phthalates and alkylphenols than the MVLN assay. This difference is maybe due to the sensitivity of the E-SCREEN assay or to fundamental differences in the complexity of the two natural responses, making the E-Screen a very sensitive assay for screening environmental samples.
Many of the chemicals shown to mimic the action of endogenous oestrogens are reaching freshwater environments and water supplies. Increased cell proliferation, as demonstrated by the E-SCREEN assay, can have a significant input to the process of carcinogenesis. Fixation of genotoxic damage may occur as enhanced cell turnover increases the chance that genotoxic damage will not be repaired resulting in clonal expansion of preneoplastic cells. Therefore human exposure to these EDCs may lead to the development of various cancers. The activities of DINP, DEHP and 4-NP in the YES assay were reproduced in the mammalian assays, the MVLN assay and the E-SCREEN assay, implying real oestrogenic effects. Wilkinson and Lamb, 1999 [23] in accordance with Waterman et al., 1999 [24] concluded after a review on toxicological data that DINP in children's products pose no significant risk to health stating that it was neither teratogenic or a selective developmental toxicant. These findings were also supported by Kavlock et al., 2000 [25] following an extensive review of the potential health effects of DINP to human populations. However, it has been established in this report through the E-SCREEN, MVLN and YES assays that DINP mimics oestrogen action in vitro and may also initiate proliferation thereby enabling the process of carcinogenesis. Moreover, a recent survey by Kelly et al., 2010 [26] reported on levels of phthalates and alkylphenols at various river locations in the Shannon International River Basin District if Ireland. Levels of DINP, DEHP and 4-NP were found at concentrations from 0.52 μg/L (1.2 × 10 -8 M) and upwards. The concentrations of DINP found at the various locations were higher than those required to elicit a response in the in vitro E-SCREEN assay reported here. Similarly, the levels of DEHP recovered were higher than the LOEC required to induce a response in the E-SCREEN assay and levels of DEHP recovered at Athlone Lock, Banagher and the Hind River were higher than the LOEC detected in the in vitro MVLN assay. 4-NP was also recovered at all locations [26] and at levels higher than the LOEC needed to induce a proliferative response in the E-SCREEN assay.
Contaminants released into the aquatic environment have the potential to damage the genetic material of exposed organisms resulting in genetic disorders and carcinogenesis. The comet assay provides a useful tool for simultaneous comparison of effects of environmental contaminants in human cell lines. DINP and 4-NP induced DNA strand breaks in this study. The reviews reported by Haighton et al., 2002 [27] and Wilkinson and Lamb, 1999 [23] are not in accordance with results reported here where DINP did induce single strand breakage of the DNA albeit at low levels. Cotelle and Ferard, 1999 [28] have demonstrated that the assay when applied to plants, worms, molluscs, fish, amphibians and mammals provides a sensitive and rapid system for the study of environmental genotoxicity. 4-Nonylphenol has been shown to be positive in the comet assay using human sperm and human peripheral lymphocytes in male and female donors [29] .
As most chemical carcinogens in their ultimate reactive form are electrophiles that react with DNA and thereby may result in DNA repair, the measurement of DNA repair is a reliable determination of carcinogenic potential. Martin et al., 1978 [30] have shown a positive correlation between the ability of chemicals to induce non-semiconservative DNA synthesis and their ability to induce cancer in animals. The in vitro UDS was used to assess the cytogenetic potency of the EDCs in HepG2 cells. DINP and 4-NP induced significant levels of DNA repair in the HepG2 cell line. The level of UDS induced by 4-NP was significantly higher than that induced by (Border, Midland and Western) Region of Ireland 311 DINP. This difference is perhaps due to small patch repair by DINP and large patch repair produced by 4-NP. It has also been noted that the amount of repair induced in a given time is sometimes greater with weak carcinogens than with potent ones. Certain carcinogens may have different effects on repair enzyme activity or stimulation of different repair processes depending on the lesion. The relative average amount of UDS elicited by carcinogens in this system is probably more a function of the type of DNA damage and repair provoked than of the potency of the carcinogen.
DINP and 4-NP induced frameshift mutations in one strain or more in the Ames assay. The mutagenicity observed for the EDCs is an indication of possible tumourigenic properties of the EDCs. The presence of micronuclei in somatic cells is recognised as a cytogenetic indicator of genotoxicity and the in vitro micronucleus test with human lymphocytes is used for human monitoring. Furthermore, fish micronuclei have been used to assess genotoxicity in water [31] . The in vitro cytokinesis-block micronucleus technique was used here to assess the cytogenetic damaging potency of DINP, DEHP and 4-NP on the CHO cell line. An increase in the percentage of cells containing micronuclei was observed after exposure to both EDCs indicating that these chemicals are capable of DNA damage.
The biochemical mechanisms underlying the clastogenicity or aneugenic potential of the EDCs reported here are not yet known. Further molecular screening would need to be carried out to classify the contents of the micronuclei and determine clastogenic or aneugenic potential. Fenech and Morley, 1989 [32] have described a method for recognising whole chromosomes and centric fragments within micronuclei in cytokinesis-blocked human lymphocytes using anti-kinetochore antibodies. The results recorded here for the micronuclei forming ability of DINP, DEHP and 4-NP along with the fact that the chemicals induce DNA strand breakage in the comet assay and unscheduled DNA synthesis provides further evidence for the clastogenicity of the environmental oestrogens. Chromosome breakage and aneuploidy is an indication of exposure to genotoxic compounds which may increase the risk of cancer [33] .
The comet, UDS, micronucleus and Ames assays can be used as indicators for chromosomal and DNA damaging effects of environmental contaminants. Aberrations in the genome can ultimately lead to the development of cancer therefore exposure to EDCs reported here may have serious implications for reproductive integrity and tumourigenesis. The majority of known carcinogens have initiating and promoting activity and can as a consequence induce neoplasms swiftly and in high yield when administered repetitively. DINP, DEHP and 4-NP also induced proliferation of breast cancer cells in the E-SCREEN assay and therefore have both initiating and proliferative ability.
Many of the chemicals shown to mimic the action of endogenous oestrogens are reaching freshwater environments and water supplies in Ireland [18, 19, 34] , the United Kingdom [35, 36] , the Netherlands [37] , Germany [38, 39] , the USA [40] and China [41] . Bioaccumulation of these compounds should be taken into account for appropriate risk assessment. EDCs have a much lower affinity for plasma proteins than the endogenous hormone 17β-oestradiol and as a result these chemicals are unbound in the blood and possibly available for oestrogenic activity [42] .
It is evident from the data reported here, on the environmental samples from the BMW region of Ireland, that STPs in the Irish Midland region obtain very heavy loads of EDCs. This concurs with analysis carried out in SW Germany [39] where analysis on the effluents of 18 STPs showed that most were found to be positive for a number of EDCs. Efforts should be made to improve the treatment process in Irish STPs so that minimal concentrations of hormone modulating substances are discharged in effluent. Korner et al., 2001 [39] have reported on very low concentrations of EDCs in the effluent of a STP in SW Germany where an activated sludge process is in operation with an additional decolourisation and filtration step using activated charcoal. Activated charcoal filtration appears to be responsible for the reduced concentrations of these compounds. Activated charcoal filtration systems were not in operation in Irish STPs during this study. Moreover, laboratory trials using coconut based granular activated carbon have demonstrated significant removal of the persistent synthetic hormone ethinylestradiol from effluent [43] .
The results obtained from the influent, effluent and river samples in the BMW area clearly indicate that they contain oestrogenic compounds. The oestrogenic compounds found in the wastewater samples could be due to EDCs entering these waterways from industrial waste or domestic sewage or natural oestrogens. The amount of effluent entering a river, the size of the receiving water, the time of year and the type of treatment system used all influence the level of oestrogenicity. Jonkers et al., 2009 [44] have reported that higher water flows do not necessarily lead to a proportional dilution of the EDC content. The Camlin River upstream and downstream of Longford STP (year 2) were potently oestrogenic in fact they were more oestrogenic than the effluent being discharged. This suggests that oestrogenic contamination of the river is occurring from unregulated sources other than the STP. The upstream sampling location for the Camlin River is situated in Longford town and the downstream sampling location is situated in an intensely farmed region which may explain the high oestrogenic activity in these two areas. Most studies of oestrogen activity in rivers focus on inputs from STPs, however livestock may contribute to elevated levels of oestrogenicity and this may be the case with the Camlin River at Longford. A recent study in the UK has confirmed that rivers upstream of livestock farms have less hormonal activity than those downstream [45] . The combined livestock population is considerably larger in Ireland than the human population and may contribute a major percentage of environmental load of steroid hormones entering water. It has been suggested that direct excretion of steroid hormones by animals into water courses is likely to be an important source of contamination [46] . It has also been suggested that domestic septic systems may be a significant source of contaminants to groundwater in the USA [40] . It is therefore paramount to research all potential sources of contamination. Contaminant levels in effluent may not be indicative of levels reaching the aquatic environment as some STPs are capable of reducing oestrogenic activity by up to 90% [47] . In humans and mammals steroid hormones undergo biotranformation in the liver. In STPs there is a high population of micro organisms that substantially remove organic material converting ammonia to nitrite and nitrate and ultimately nitrogen gas. Bacteria such as Escherichia coli possess glucuronidase and sulphatase activity and separation of conjugated oestrogens may occur giving rise to elevated environmental concentrations. In the river samples reported in this study it was found that EDCs have been detected in their original unconjugated form. Studies in the Netherlands have also shown that most surface water and effluent samples do not contain hormone glucuronides [37] . One of the first studies to demonstrate the transformation of steroids from oestrogenically inactive to active products by sewage microorganisms involved measurement of plasma vitellogenin in male fathead minnows (Pimephales promelas) [48] . It has been reported, in aerobic batch experiments, that two glucuronides of 17β-oestradiol were cleaved in contact with diluted activated sludge releasing 17β-oestradiol [49] . The similarity between the influent and effluent samples from Athlone STP may be due to this phenomenon of bioactivation within the STP.
In addition to testing pure chemicals in the in vitro assays discussed previously, analysis of levels of EDCs (ethinylestradiol, 17β-oestradiol, oestrone, dibutylphthalate, diethylhexylphthalate, diisononylphthalate and diisododecylphthalate) found in river samples from the BMW region was performed using the YES assay. The chemicals were found at levels capable of inducing transcriptional activation in the YES assay even at high dilutions.
This proves that levels of EDCs found in rivers in the Irish midlands are capable of activating the ER and human exposure to these levels may lead to undesirable consequences.
Conclusions
EDCs are ubiquitous in nature. There is increasing concern that these compounds could interfere with oestrogen action in humans, resulting in developmental problems, infertility, and cancers of reproductive tissues.
The phthalates, DINP, DEHP and alkylphenol, 4-NP are present in rivers in the BMW region of Ireland. We have established that they are oestrogenic capable of inducing transcriptional activation through the ER using both the YES and MVLN assays and proliferation through non-genomic mechanisms using the E-SCREEN assay, at environmentally relevant concentrations. These chemicals may mimic the endogenous hormone, 17β-oestradiol within the body interfering with endogenous oestrogens. They have the potential to alter the physiological patterns of target tissue function, proliferation and development normally regulated by ovarian oestrogens such as 17β-oestradiol. Exposure to these chemicals may have the same effect as being exposed to excessive amounts of 17β-oestradiol produced by the ovary. A common feature of breast cancer is longer exposure to biologically active oestrogen in a lifetime either due to early menstruation or late menopause. It is therefore possible that prolonged exposure to EDCs may have a similar effect. The mutagenic, clastogenic and genotoxic potential of the phthalates, DINP, DEHP and the alkylphenol 4-NP, established in this report, is cause for concern. These EDCs pose potential problems for wildlife and human populations and may play a role in the etiology of breast and reproductive cancers [50] [51] [52] [53] .
Human and wildlife exposure to effluent containing EDCs may contribute to the development of carcinogenesis through bioactivation and through proliferation, the hallmark of oestrogen action. Chemical cocktails occur in the environment and dramatically increase the risk factors associated with EDC exposure [34, 35, 54, 55] .
We have established that effluent discharges in the Irish midlands are oestrogenic. It is therefore possible that the effluent discharged from these STPs is oestrogenic to freshwater organisms in Ireland. Kelly et al., 2010 [26] have reported on raised vitellogenin levels in feral male brown trout (Salmo trutta) in the Shannon International River Basin District of Ireland. Human exposure could occur through direct contact with water and through consumption of freshwater fish. Elevated levels of environmental oestrogens in vivo could lead to over expression of oestrogen-regulated genes. Enhanced expression of proto-oncogenes could lead to modifications in growth and differentiation and as a result contribute to neoplasia.
While STPs support the majority of waste entering the waterways in Ireland the burden of EDCs entering these waterways needs to be addressed. Results from Korner et al., 2001 [39] reported substantial removal of EDCs from STPs using activated charcoal filtration. This could also be used to frame legislation in an Irish context. 
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